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We report experiments where hydrogen molecules were dissociatively ionized by an attosecond pulse train in the presence of a near-infrared field. Fragment ion yields from distinguishable ionization channels oscillate with a period that is half the optical cycle of the IR field. For molecules aligned parallel to the laser polarization axis, the oscillations are reproduced in two-electron quantum simulations, and can be explained in terms of an interference between ionization pathways that involve different harmonic orders and a laser-induced coupling between the 1s g and 2p u states of the molecular ion. This leads to a situation where the ionization probability is sensitive to the instantaneous polarization of the molecule by the IR electric field and demonstrates that we have probed the IR-induced electron dynamics with attosecond pulses. The prospect of observing and controlling ultrafast electron dynamics in molecular systems is the basis of the current interest to apply attosecond (1 as ¼ 10 À18 s) laser pulses to physical chemistry. Since the first demonstration of attosecond pulses [1, 2] , pioneering experiments have demonstrated their potential in atoms [3, 4] , solid state systems [5] , and, most recently, molecules [6] , where interest has been stimulated by numerical studies which suggest that an electronic (i.e., attosecond or fewfemtosecond) time scale may be important in fundamental chemical processes [7, 8] . The inherent multielectron nature of the electron dynamics in many molecular systems is a formidable challenge to theoreticians and experimentalists alike, and requires the development of novel theoretical and experimental techniques.
Attosecond pump-probe spectroscopy is based on the generation of attosecond light pulses by high harmonic generation. Presently, attosecond pulses exist as attosecond pulse trains (APTs) [1] and as isolated attosecond pulses [2] . The first application of attosecond pulses to follow rapid electron dynamics in a molecule revealed that the dissociative ionization of hydrogen by a two-color extreme-ultraviolet ðXUVÞ þ IR field results in a localization of the bound electron in the molecular ion that depends with attosecond time resolution on the time delay between the attosecond XUV pulse and the IR laser pulse [6] . This could be observed via an asymmetry of the ejected fragments in the laboratory frame, i.e., after the dissociation was complete [9] . A similar experimental result was also obtained using an APT [10] . In these experiments the attosecond pulses initiated electron dynamics that was subsequently addressed by an IR pulse. A next challenge is to use attosecond pulses as a probe of ultrafast molecular electron dynamics. In this Letter we do so by investigating how a moderately intense IR field influences the electronic states that are accessed in photoionization of hydrogen using an APT.
In the experiment, an XUV APT (with two pulses per IR cycle) and a 30 fs FWHM 780 nm (IR) pulse (3 Â 10 13 W=cm 2 ) with identical linear polarization were collinearly propagated and focused onto an ensemble of hydrogen or deuterium molecules. High harmonic generation in krypton created odd harmonics H11 up to H27. Such a spectrum allows direct ionization to the first excited ionic state (2p u ), but limits the excitation of higher-lying states as much as possible. The three-dimensional velocity distributions of H þ and D þ were measured using a velocity map imaging spectrometer [11] with a gas-injection system integrated into the repeller electrode [12] . The delay between the APT and the IR field was scanned in steps of 200 as, i.e., at an approximately 10 times higher time resolution than in Ref. [13] , where vibrational wave packet dynamics was investigated. Although only results for deuterium molecules will be presented here, hydrogen molecules show analogous behavior.
In Figs . We choose to present the measurements in this form (rather than in the form of a total fragment kinetic energy spectrum and an angular distribution), since at different angles different ionic states play a role. For these angle-specific spectra, here and in the remainder of this Letter, an acceptance angle of AE20 was used. Figure 1 (c) shows a D þ momentum map resulting from dissociative ionization by the APT. Several contributions can be distinguished that can be related to Fig. 1(d) , where a potential energy diagram representing the relevant states is given. Direct ionization to the 1s g ground state primarily produces stable D þ 2 , with a small dissociative part ( $ 2%) that results in a low kinetic energy peak (E k < 1 eV) in Figs. 1(a) and 1(b). The main contribution between 1 and 5 eV, which peaks along the laser polarization axis, comes from autoionization of the 1 AE þ u Q 1 doubly excited states [14] [red curves in Fig. 1(d) ]. Direct ionization to the 2p u continuum leads to fragments centered at 5 eV and peaked at 90
, but was kept very small by tuning the XUV spectrum. Multiple dynamical pathways contribute at higher kinetic energies (7-8 eV), of which the dominant ones are direct ionization to the 2p u continuum (for molecules aligned parallel to the laser polarization) and excitation of the Q 2 doubly excited states [blue curves in Fig. 1(d) ] (for molecules aligned perpendicular to the polarization axis). Accordingly, experiments with a lower XUV high energy cutoff showed a disappearance of the high energy (> 6 eV) channel, while retaining the lower energy (2-6 eV) channel due to autoionization of the 1 AE þ u Q 1 states. In the presence of the IR field the spectra undergo significant changes, as can been seen in Figs. 1(a) and 1(b), which show kinetic energy spectra for parallel and perpendicular molecular alignment as red dashed lines. These curves were obtained by averaging the XUV-IR time delay over one full IR cycle. Figure 1 (e) shows a corresponding momentum map. A bond-softening contribution appears prominently at low kinetic energies with an angular distribution that is peaked along the laser polarization axis [13, 15] . At high kinetic energies (E k % 7 eV) a significant enhancement is observed at all angles, in agreement with our previous observations [6] . This contribution will be the main topic of this Letter.
In Figs. 2(a) and 2(b) the kinetic energy spectra for fragments ejected parallel and perpendicular to the laser polarization are shown as a function of the XUV-IR time delay. A strong delay dependence is observed, with different parts of the spectrum oscillating with a period that is half the period of the IR laser. In Figs. 2(c) and 2(d) the ion yields from selected ionization channels are plotted as a function of delay. We note that the oscillations at high energy at 0 and 90 are out of phase. In addition, in Fig. 2(c) (parallel alignment) the oscillations at 3 and 7 eV are also out of phase.
We have performed calculations solving the timedependent Schrödinger equation for a deuterium molecule interacting with an APT and IR field by using a closecoupling method [6, 16] . In these calculations all electronic and vibrational degrees of freedom were taken into account. Current computational capabilities only allow us to consider the case where the molecule is aligned parallel to the laser polarization. Moreover, the pulse durations and intensities that can be explored are subject to restrictions. Therefore, in all the calculations presented here, an IR field with a sine squared envelope of 7.8 fs duration (2.8 fs FWHM), a central wavelength of 780 nm, and an intensity of 3 Â 10 12 W=cm 2 was combined with an APT consisting of 4 pulses, built from H13-H25.
In Fig. 3(a) the calculated fragment ion spectrum resulting from the interaction with the APT only is shown (black curve). This ion spectrum is dominated by the channels discussed before: direct ionization to the 1s g continuum, autoionization of the 1 AE þ u Q 1 states to the 1s g continuum, and direct ionization to the 2p u continuum. In Fig. 3(b) the fragment ion yield as a function of kinetic energy and delay in the two-color XUV þ IR field is given. The numerical results reproduce the experimentally observed yield oscillations at both high and low kinetic energies and a significant enhancement [red dashed line in Fig. 3(a) ], although less pronounced than in the experiment due to the lower intensity used in the calculations.
The results reported here are reminiscent of earlier work, where oscillations in the He þ yield were observed as a function of the APT-IR delay [17] . The oscillations were attributed to interferences between consecutive pulses in the APT and involved the excitation of Rydberg states. In contrast, our calculations show that yield oscillations occur both for an APT and for isolated attosecond pulses that remain present when the neutral Q 1 states are removed from the calculation. This shows that the origin of the oscillations in the current experiment is different. Our calculations suggest that the high energy fragments result from direct ionization to the 2p u continuum, while the low energy fragments come from autoionization of the 1 AE þ u Q 1 states.
In order to arrive at a mechanistic interpretation of the observations at high fragment kinetic energies, it is instructive to explore a simpler model, using a fixed nuclei approximation (FNA). The wave function in this model is described in terms of a limited number of electronic states, including those that are relevant for the production of the high energy fragments:
where c 0 represents the ground state of the neutral molecule and c g;l and c u;l are the continuum wave functions of the molecular ion in the 1s g and 2p u states, respectively, plus one electron in the continuum with a partial wave l and energy . Continuum states with ungerade total symmetry AE u (ion þ electron) are coupled with the ground state and with continuum states with gerade total symmetry AE g . The ground state is only coupled to AE g continuum states via the AE u states. The center of mass of the nuclear wave packet is shifted þ0:3 a:u: with respect to the center of the Franck-Condon region (1.4 a.u.), since at an internuclear distance of 1.4. a.u. the energy gap between the ground state and the 2p u continuum lies beyond the most intense part of the XUV spectrum (centered at H19).
In Fig. 4 (a) the simulated total ionization probability to the 2p u continuum, which correlates with the formation of high energy fragments, is plotted as a function of the delay between the APT and the IR for three different implementations of the FNA [see Fig. 4(b) ]. In the first FNA calculation (blue dashed curve) only the 2p u continuum is included and the couplings between states within the continuum are turned on, represented by the vertical red arrows in the darker (green) marked area in Fig. 4(b) . These couplings result in the appearance of sidebands in the photoelectron spectrum in between the photoelectron peaks that result from direct ionization by the odd harmonics in the APT. The intensity of these sidebands oscillates with the XUV-IR delay as in RABBITT experiments [1] , but this does not lead to an oscillation in the yield of the 2p u state. A simulation including the coupling between the 1s g and the 2p u continua but without the couplings within the individual continua results in large oscillations of the ionization probability (solid red line). In Fig. 4 (b) these couplings are illustrated by the diagonal red arrows. This situation again shows similarities to a RABBITT experiment; however, the odd harmonics primarily access the 1s g continuum and the sideband appears in the 2p u continuum. Absorption and emission of one IR photon from the direct photoelectron lines in the 1s g continuum contribute to the sideband. These two pathways interfere constructively or destructively depending on the relative phase of the IR field and the XUV pulses. Correspondingly, the total ionization oscillates as a function of the delay with a period of half an optical IR cycle. This interpretation is further supported by the calculated photoelectron spectrum corresponding to ionization to the 2p u continuum as a function of delay [see Fig. 4(c) ]. The picture is modified when the couplings within the continua are turned on as well (gray dash-dotted line). The yield oscillations in this result are close to the result of the close-coupling calculation (black line), although they show a phase difference, which is attributed to the simplicity of the FNA model, where only one fixed internuclear distance is considered. We note that because the ionization cross section of the 1s g continuum is much larger than that of the 2p u continuum, even a small IR-induced coupling can significantly affect the ionization to the 2p u continuum while leaving ionization to the 1s g continuum effectively unaffected.
The frequency-domain interpretation given above can be complemented by a description in the time domain. The XUV-IR delays where a destructive interference is observed correspond to delays where the attosecond pulses in the APT are positioned at zero crossings of the IR field, whereas delays where a constructive interference is observed correspond to delays where the attosecond pulses in the APT are positioned at (negative or positive) maxima of the IR electric field. In the presence of a strong electric field the eigenstates of the Hamiltonian are no longer the 1s g and 2p u states, but are linear combinations of these states [18] , where the electron distribution is no longer symmetric but the molecule is polarized. Hence, an alternative way to view the experimental results is that the XUV ionization favors the production of the 2p u state whenunder the influence of the IR field-this state is mixed with the 1s g state, with an accompanying localization of the electron within the molecule. As such, our experiment lends support to the notion that in attosecond ionization experiments changes in the charge distribution on attosecond time scales can be revealed, which is a core objective for future work.
This 
